Abstract. We review the state-of-the-art theoretical analyses of tau decays into a pair of mesons and a neutrino. The participant vector and scalar form factors, f + (s) and f 0 (s), are described in the frame of Chiral Perturbation Theory with resonances supplemented by dispersion relations, and the physical parameters of the intermediate resonances produced in the decay are extracted through the pole position of f +,0 (s) in the complex plane. As a side result, we also determine the low-energy observables associated to the form factors. We hope our study to be of interest for present and future experimental analyses of these decays.
Introduction
The tau is the only lepton heavy enough (m τ ∼ 1.8 GeV) to decay into hadrons. At the exclusive level, the hadronic partial width (∼ 65%) is the sum of the tau partial width to strange (∼ 3%) and to non-strange (∼ 62%) hadronic final states, and provides an advantageous laboratory to investigate the non-perturbative regime of QCD under rather clean conditions that is useful to understand the hadronization of QCD currents, to study form factors and to extract resonance parameters. While the non-strange decays are largely dominated by the π − π 0 mode which, in turn, constitutes the main decay channel of the τ with an absolute branching ratio of ∼ 25%, the strange hadronic final states are suppressed with respect to the non-strange ones mainly due to the following two reasons: i) the mass of the strange quark is larger than the mass of the up and down quarks thus yielding to a phase-space suppression; ii) strange decays are Cabibbo suppressed since the |V us | element of the CKM matrix enters the transition instead than |V ud |. The dominant strangeness-changing τ decays are into Kπ meson systems which adds up to ∼ 42% of the strange spectral function. However, in order to increase the knowledge of the strange spectral function, the τ − → K − η ( ) ν τ decays are important. In this letter, we provide a brief overview of the main results we have obtained in our series of dedicated analyses of two meson tau decays based on the framework of Resonance Chiral Theory supplemented by dispersion relations i.e. τ − → π − π 0 ν τ and τ [2, 3] , and τ
.
Theoretical framework
Tau decays into two mesons proceeds through the exchange of W ± gauge bosons which couple the tau and the generated neutrino with the quark-antiquark pair that subsequently hadronizes into a pair of mesons P − P 0 (see Fig. 1 for a schematic representation). The corre- * e-mail: sgonzal@iu.edu sponding amplitude can be expressed as an electroweak part times an hadronic matrix element
where
(1), we have not considered the gauge boson propagator, since the explored energy region ( √ s < m τ ) is much lighter than the W ± mass (M W ± ∼ 80 GeV), but rather its expansion and used the well-known relation G F /
2 W . The hadronic matrix element encodes the unknown QCD dynamics and it is given by
where C P − P 0 are Clebsch-Gordon coefficients, p (s) corresponds to the S -wave projection of the state P − P 0 |, while f
is the P-wave component, and they are known as the scalar and vector form factors accordingly. Notice that the scalar contribution is suppressed by the mass-squared difference ∆ P − P 0 = m 2 P − − m 2 P 0 . In terms of these form factors, the differential decay width reads dΓ τ
and S EW is a short-distance electroweak correction. Our initial setup approach to describe the required vector form factors assumes a Vector Meson Dominance form that includes both the real and imaginary parts of the unitary loop corrections thus fulfilling analyticity and unitarity. One can then extract its phase φ
input (s) and insert it into a dispersion relation. The use of a thrice-subtracted dispersion relation
where α 1,2 are two subtraction constants that can be related to chiral low-energy observables and s th is the corresponding two-particle production threshold, is found to be an optimal choice that makes the fit less sensitive to the higher-energy region of the dispersive integral where the phase is less well-known. In the isospin limit no scalar contributes to τ − → π − π 0 ν τ , while for the required Kπ, Kη ( ) scalar form factors, we use [5] .
The pion vector form factor and τ
The pion vector form factor is a classic object in low-energy QCD since it provides a privileged laboratory to study the effects of ππ interactions under rather clean conditions. In [1] , we have exploited the synergy between Chiral Perturbation Theory and dispersion relations and provided a representation that uses for the phase required as input in Eq. (4):
This phase contains the following remarkable features: i) it fully exploits Watson's theorem providing a model-independent description of the elastic region i.e. until ∼ 1 GeV 2 , through the use of the ππ scattering phase δ 1 1 (s) [6] ; ii) for the region m 
Armed with this parametrization, and variants of it, we have analyzed the high-statistics Belle data [7] focusing our effort on the improvement of the description of the energy region where the ρ(1450) and ρ(1700) come up into play. In Fig. 2 (left) , we display the form factor modulus squared including the statistical fit uncertainty for our reference fit (red error band) and a conservative systematic uncertainty coming from the largest variations of central values with respect to our reference fit (gray error band). Our central results for the physical resonance 
where the first error is statistical while the second is our estimated systematic uncertainty. From our study, we conclude that the determination of the pole mass and width of the ρ(1450) and ρ(1700) is limited by theoretical errors that have been usually underestimated so far. The study of the τ − → K − K S ν τ decay is of timely interest due to the recent measurement of its spectrum released by the BaBar Collaboration [8] . The K − K S threshold opens around 1000 MeV which is ∼100 MeV larger than M ρ + Γ ρ , a characteristic energy scale for the ρ(770)-dominance region. This implies that this mode is not sensitive to the ρ(770) peak, and consequently not useful to study its properties, but rather enhances its sensitivity to the properties of the heavier copies ρ(1450) and ρ(1700). In [1] , within a dispersive parametrization of the kaon vector form factor, we have performed different fits to the measured spectrum (see right plot of Fig. 2 ) and determined the ρ(1450) mass and width. We have pointed out that higher-quality data on this channel will allow to extract the ρ(1450) and ρ(1700) parameters with improved precision from a combined analysis with the pion vector form factor data.
Combined analysis of the decays
We analyze the experimental measurement of the invariant mass distribution of the decay τ − → K S π − ν τ together with spectrum of the K − η mode both released by Belle [9, 10] . The former has been studied in detail in [11, 12] , improving the determination of the resonance parameters of both the K * (892) and its first radial excitation K * (1410), while the later, with a threshold above the K * (892) dominance, has been studied in [3] obtaining K * (1410) properties that are competitive with those of the K S π − channel. In [2] , in a simultaneous study of the decay spectra of τ − → K S π − ν τ and τ − → K − ην τ within a dispersive representation of the required form factors, we have illustrated how the K * (1410) resonance parameters can be determined with improved precision as compared to previous studies. We have also investigated possible isospin violations in the form factor slope parameters and claimed that making available the K − π 0 decay spectrum [13] would be extremely useful to get further insights. Our best fit results are compared to the measured Belle distributions in Fig. 3 where satisfactory agreement with data is seen for all data points. The K S π − decay channel is dominated by the K * (892) resonance peak followed by the contribution of the K * (1410) resonance, whose shoulder is visible on the second half of the spectrum. The scalar form factor contribution is small although important to describe the data immediately above threshold. There is no such clear peak structure for the Kη channel due to the interplay between both K * resonances. The scalar form factor contribution is insignificant in this case. With the current data, we succeed in improving the determination of the K * (1410) mass and width with the findings
For the τ − → K − η ν τ decay, it is dominated by the scalar form factor and we have obtained a branching ratio of ∼ 1 × 10 −6 [3] , well below the experimental upper bound.
The second-class current
The non-strange weak hadronic currents can be divided according to their G-parity: i) firstclass currents with quantum numbers J PG = 0 Figure 3 . Belle τ − → K S π − ν τ (red circles) and τ − → K − ην τ (green squares) measurements as compared to our best results (solid black and blue curves, respectively) obtained in combined fits to both data sets.
(SCC), which have
The former completely dominate weak interactions since there has been no evidence of the later in Nature so far. We study the τ − → π − η ( ) ν τ decays which belong to the SCC processes i.e. parity conservation implies that these transitions must proceed through the vector current which has opposed G-parity to the π − η ( ) system. Our predictions [4] are displayed in Fig. 4 , where we show the total decay rate distribution for τ − → π − ην τ (left) and τ − → π − η ν τ (right). The low-energy part of the πη spectrum is dominated by the vector contribution associated to the ρ(770) while effects of the a 0 (980) and a 0 (1450) scalar resonance contributions might show up and dominate the intermediate and high-energy part. Contrarily, the vector contribution is suppressed in τ − → π − η ν τ because the π − η threshold lies well beyond the region of influence of the ρ(770), thus being this mode dominated by the scalar form factor. Our branching ratio predictions for π − η are found to be within the window [0.36, 2.12] × 10 −5 respecting the current experimental upper limit, 7.3 × 10 −5 at 90% CL, reported by Belle [14] . Regarding the branching of the π − η mode, it might be one or two order of magnitude smaller than the π − η channel. In this letter, we have provided an overview of all possible semileptonic two-meson decay channels of the τ lepton. These decays provide a privileged laboratory to study, under rather clean conditions, the energy region of two-meson form factors where resonances come up into play. An ideal roadmap for describing them would require a model-independent approach demanding a full knowledge of QCD in both its perturbative and non-perturbative regimes,
knowledge not yet unraveled. An alternative to such enterprise would pursuit a synergy between the formal theoretical calculations and experimental data. In this respect, dispersion relations are a powerful tool to direct oneself towards a model-independent description of form factors. By exploiting the synergy between dispersion relations and Chiral Perturbation Theory, we have carried out a dedicated study of the high-statistics Belle data of the pion vector form factor, assessing the role of the systematic uncertainties in the determination of the ρ(1450) and ρ(1700) parameters, and performed a first analysis of the τ − → K − K S ν τ BaBar data. We have also shown the potential of the combined analysis of τ − → K S π − ν τ and τ − → K − ην τ to extract the K * (1410) mass and width. Finally, while for the decay τ − → π − ην τ we find a total branching ratio that ranges [0.36, 2.12] × 10 −5 , well within the reach of Belle-II, the π − η channel might be one or two order of magnitude more suppressed.
